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Air pollution has been an ongoing issue for the City of Prince George, the largest city 
in northern British Columbia. This research was designed to measure the chemical 
composition of atmospheric Particulate Matter (PM2.5) in a Prince George neighborhood 
(i.e., downtown). The main objective of this research was to determine the PM2.5 
chemical compositions in two distinct periods: warm and cold. Overall, 153 samples 
were collected from January to August 2018, using personal air samplers. The highest 
concentration of PM2.5 was recorded during the 2018 summer wildfires. Chemical 
composition of the PM2.5 air samples were studied with respect to Cadmium, Potassium, 
Mercury, Sodium, Lead, Chromium, Iron, Cobalt, Nickel, Manganese, Copper, 
Titanium, Molybdenum, Phosphorus and Sulphur, in order to evaluate potential sources 
of air pollutants in the city. The results of this study were compared with PM2.5 averages 
from other Canadian and international cities. The possibilities of the contribution of some 
local industrial sources such as pulp and paper, biomass burning, transportation and road 
dust, on PM2.5 concentration and chemical composition were discussed. 
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 1. INTRODUCTION  
The city of Prince George has been facing air pollution challenges for a long time. 
Therefore, Prince George has initiated various air quality monitoring programs since 1980 
and different research has been conducted to investigate the health effects of air pollutants 
(e.g. Noullett, 2004). It is identified that the average annual concentration of Particulate 
Matter (PM), particularly PM2.5, in the Prince George airshed is one of the highest in the 
province of B.C. since 1994 (Rubin et al., 2008). A continuous effort has been made to 
address the air quality concerns in the city. The Prince George Air Improvement Roundtable 
(PGAIR) indicates that the annual average PM2.5 concentrations in Prince George is 6
th 
highest across the province (ENV, 2013; PGAIR, 2018).  
It has become clear that air pollution has an impact on human health, even at low 
concentrations (Papadogeorgou et al., 2019). Therefore, a significant effort has been made 
to monitor PM2.5 in ambient environment. However, there are limited systematic studies of 
PM2.5 chemical composition at the local scale. Thus, this study was designed to collect air 
samples of the Prince George airshed to measure PM2.5 chemical composition in downtown 
Prince George. A series of tasks were employed, including site selection, collecting air 
samples, laboratory measurements, and data analysis and interpretation, in two distinct 
periods of warm and cold. The cold period is defined from January 1st to April 30th, (the 
average temperature was -5 °C (Time and Date AS, 2020)) and the warm period is from May 
1st to August 30th (the average temperature was 14 °C (Time and Date AS, 2020)). In 
addition, the warm period is divided into the warm period excluding major wildfire 
occurrence (May and June) and including the wildfire (May, June, July and August). 
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1.1. Particulate Matter 
PM is a combination of solid and liquid particles suspended in the atmosphere, which 
may vary in concentration, composition and size distribution (Bonn, 2003; Noullett, 2004). 
PM can be a complex mixture of organic and inorganic components (Bonn, 2003). PM can 
originate from various natural and anthropogenic sources, including but not limited to 
wildfire, road dust, as well as industrial and vehicle emissions. 
Previous research has shown that during wildfires, the impact of outdoor air quality on 
indoor air quality can be severe (Reisen et al., 2011). In general, the PM can be generated 
either directly (e.g., wildfire and road dust) or indirectly (e.g., gaseous pollutants) from 
various sources (Bonn, 2003).  Besides, the PM can be generated directly from the natural 
and anthropogenic sources, which is called primary PM (e.g., wildfire, road dust and carbon 
monoxide from vehicles). The secondary PM is generated from chemical reactions of 
gaseous pollutants between primary sources in the atmosphere (e.g., ozone) (Bonn, 2003).  
PM air pollutants are characterized and classified according to their size/dimension 
mainly because particles with different diameters have shown different health effects. The 
composition of PM can vary significantly depending on the location, season and weather 
conditions (Ontario Ministry of the Environment Conservation and Parks, 2010). The fine 
PM, which is microscopic air pollutants with a diameter smaller than 2.5 micrometres (µm) 
known as PM2.5, is the focus of this study.  PM2.5 are also considered as respirable particles 
because they can penetrate the respiratory system (Xing et al., 2016). Some of the primary 
sources of these particles within the city of Prince George are considered to be 
anthropogenic, originating from several local industrial and other activities such as 
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transportation (road and rail), pulp and paper, refinery, residential wood stoves and from 
forest fires during wildfire season (BC MoE, 2016). 
1.2. Literature Review  
The air quality of Prince George is being impacted by local industry activities such as 
sawmills, biomass burning, pulp and paper manufacturing process. The possible sources of 
air pollution types with their associated elements are elaborated in the following section.  
Air pollution is a common concern for Prince George citizens. In the past, several studies 
were undertaken to investigate the health effects of air pollution (e.g., respiratory illness) on 
Prince George residents. In these studies, the link between hospital admissions and 
emergency room visits was examined for specific categories of respiratory disease (Knight 
et al., 1988; McNeney and Petkau, 1991; Stieb et al., 2009).  
Several factors contribute to air quality episodes in Prince George;  
▪ Several emissions sources – industry, wildfire, transportation, residential wood 
burning, etc. (Rubin et al., 2008; Dave Dyer, 2016).  
▪ Frequent temperature inversions – Prince George is located in a bowl-shaped river 
valley, surrounded by steep ridgelines that can lead to creating a high level of air 
pollution during temperature inversions which cause the atmosphere within the 
valley to become stagnant (Rubin et al., 2008).  
Since the 1990s, local, provincial and federal governmental organizations, health 
authorities and Non-Governmental Organizations (NGOs) have been expressing their 
concerns regarding the impacts of air pollution in the city of Prince George (PG). Thus, the 
initial Air Quality Management Plan (Phase 1) was developed in 1998 to mitigate the air 
pollution.  Since then, different sectors have been collaborating to improve air quality within 
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the local airshed. As a result, several studies have been undertaken to monitor and address 
the issue of the air quality in Prince George (Lamble et al., 1998; Noullett, 2004; Rubin et 
al., 2008; Allen, 2009; Stantec, 2010; PGAIR, 2011). 
PM has been the primary air pollutant in the city of Prince George because of its health 
impacts (Dave Dyer, 2016). Historically, monitoring PM10 and PM2.5 have been the main 
focus for the city of Prince George, in which PM10 and PM2.5 inventory commenced in the 
early 1990s (BC MoE, 2014). Since then, PM data have been collected regularly and reported 
annually by the BC Ministry of Environment. The annual reports are focused on the 
concentrations of PM2.5, PM10, ozone (O3), nitrogen dioxide (NO2) and sulphur dioxide (SO2) 
ambient pollutants and their yearly trends from long-term monitoring stations in the city. 
There has been a limited attempt to validate and confirm the accuracy of this database 
concerning the representation of the actual population exposure (Rubin et al., 2008). 
Assessing and monitoring of Prince George air quality provides a record of air quality over 
time, further detailed research is required to better understand the spatial distribution, source 
contributions and health impacts of PM in the city. Since 1996 a series of airshed 
management plans have been developed for Prince George that aim to improve air quality 
through local action and identifying areas of research to address information gaps. Findings 
of some of the previous local research that focused on the composition of PM are discussed 
below (Prince George Airshed Technical Management Committee, 1996; Rubin et al., 
2008). 
According to Breed (1998), the vulnerability of the Prince George airshed due to high 
concentrations of PM10 was of grave concern. They examined the chemical and 
morphological characteristics of samples collected from two primary PM10 sources and 
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selected ambient samples from the archive of the Ministry of Environment (Breed, 1998). 
The main objective of their research was to determine the contributions from different 
sources to the PM10 composition during episodic and non-episodic events (Breed, 1998). 
The sources sampled included road dust collected from street sweepings, snow removed 
from streets, unpaved roads and a beehive burner sample (Breed, 1998). This study found 
that the size distribution of particle shows that combustion sources contribute more to a fine 
fraction (<2.5 μg) of PM10 compared to the road dust. In their chemical analysis, the high 
concentration of magnesium, silicon and aluminum shows the possibility of road dust 
(Breed, 1998). Sulphur, sodium and carbon indicate industrial activities and combustion 
sources. In summary industrial, road dust, salt and combustion identified as potential sources 
of PM10 (Breed, 1998). 
In another study, it was found that the pulp mill contributions to ambient PM10 levels 
were more significant during non-episodic periods compared to episodic periods (levels of 
PM10 higher than 50 μg m-3) (Rubin et al., 2008). It was also found that a substantial 
contribution of PM10 was not accounted for by industrial emissions in the case of episodic 
samples (Rubin et al., 2008). In addition, according to Rubin et al., (2008), the finer particles 
(i.e., PM2.5) with relatively higher levels of Sulphur dominated the non-episode samples 
while coarser particles (3-4 μm) dominated the episodic sample (Rubin et al., 2008). It was 
suggested that Sulphur comes from combustion-based sources, and the coarser particles 
come from road dust. 
Reports by the Ministry of the Environment indicated a decrease in PM2.5 levels from 
2006 to 2013 with the exclusion of 2010 due to wildfire interference (BC MoE, 2014). Also, 
recent reports by PGAIR indicated; there had been some achievements of decreasing PM2.5 
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in the Prince George airshed (PGAIR, 2018). According to the report, daily PM2.5 
concentrations remained at or below 25 μg m-3 for an average of 360.17 days per year over 
the 2011-2016 period (PGAIR, 2018). Also, annual average PM2.5
 concentrations were 
reported to be at or below 6 μg m-3 for four out of the six years from 2011 to 2016. Jackson 
et al. (2017) study show measurable reductions of released PM2.5 in the city, particularly 
from the heavy industrial sources (Jackson et al., 2017). 
A comprehensive literature review has been conducted on chemical composition air 
samples and their potential sources. Oil combustion is the source of Nickle (Ni) and the 
vehicles are the main reason for, Cadmium (Cd), Copper (Cu), Lead (Pb) elements in PM2.5 
(Godoy et al., 2009). Molybdenum (Mo) and Pb are due to pollution arising from the 
degradation of automotive catalysts (Da Silva et al., 2008). Iron (Fe), Manganese (Mn), Cu, 
and Ni elements could be as a result of peak traffic (Cui et al., 2020).  
The common sources for Fe and Ni are the resuspension of dust created by vehicle due 
to oil-burning and tire wearing (Kulshrestha et al., 2009). Biomass burning is the source of 
charged potassium ion (K+) and Cd (Bari and Kindzierski, 2016). Fuel combustion and waste 
incineration are found as a source of a pollutant that shows the relationship between, 
Vanadium (V), Cobalt (Co), Cd, and Ni (Gu et al., 2011). 
Colder weather encourages burning biomass in woodstoves, which results in detecting 
Sulphur (S), Potassium (K) and Fe in PM2.5 (Ward and Lange, 2010). Pulp mills and oil 
refineries are the sources of sulphate (SO₄2-) in Prince George (Rubin et al., 2008). S source 
is possibly from coal combustion (Bell et al., 2007; Rubin et al., 2008; Fang et al., 2015) and 
mineral dust and biomass burning are sources of K (Hueglin et al., 2005; Fang et al., 2015). 
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The work is done by Beauchemin et al. (2010) on the emissions from wood-fired 
combustion shows mercury (Hg), chromium (Cr), phosphorus (P),  Cd, Pb, Fe, Co, Ni, Mn, 
Cu, Mo and S as a candidate pollutants of concern which was being generated by wood 
combustion (Beauchemin et al., 2010). 
Wang et al. (2019), investigated atmospheric PM before and during the Chinese Spring 
Festival in Xiamen, a coastal city in Southeast China. The results revealed that, due to factory 
production and construction and the reduction of vehicle flow during the Spring Festival, a 
decrease of 78.56%, 84.19%, and 27.53% was observed in the concentrations of organic 
carbon, elemental carbon and water-soluble ions in PM2.5 (Wang et al., 2019).  
Artaxo et al., (2000) studied the levels of PM during a time of drought, which reached the 
number of 300µg/m3 in the Amazon Forest (Alta Floresta, Mato Grosso State). They 
concluded that a value of 56% of PM mass arises from the biomass burning component. The 
chemical element compositions were as biomass burning (S, and K); biogenic components 
(P, K, and Mn); sea salt component (NaCl) and mining activity components (Hg) (Artaxo et 
al., 2000). In 2002, Maenhaut et al. found that an average of 67% of PM is derived from 
biomass burning. The main chemical elements in PM2.5 in biomass burning are K and S 
(Maenhaut et al., 2002). 
In a study by Guyon et al., (2004), the source of PM in Rondônia State was analyzed. In 
their dry season, the major pollution source for P, S, K, Mn, and Fe were biomass burning 
and soil dust. Biogenic aerosols produced P, S, and K, and soil dust was the source for Fe 
and Mn (Guyon et al., 2004). The study by Rubin et al., (2008) in downtown Prince George 
observed road dust/soil represent the source of Titanium (Ti), Sodium (Na), K, and Fe. In 
addition, K and S were found from the hog fuel boiler. It is also notable that saw/pulp mill 
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was the source of K, P, Na and S, while forest fire was the source of K and S (Rubin et al., 
2008). 
Pb and S mainly originate from coal combustion sources (Gao et al., 1992; Bell, et al., 
2007; Tian et al., 2010). Na, Mg, K, Ti, Mn, and Fe suggest a negligible contribution of 
human activity sources with the main origin of airborne dust (Wang et al., 2006). Cu 
originates from sources such as fuel burning, industrial metallurgical process, and waste 
incineration (Nriagu and Pacyna; 1988, Chueinta et al., 2000; Cong et al., 2007; Xu et 
al.,2012). Watson et al., (2001), studied coal-fired power stations and residential 
woodstoves, they found the coal-fired boilers is the source of S, Fe, Na, P, K, and Ti. A 
mixture of lodgepole pine, pine, pinion, spruce, aspen, ponderosa, oak, cedar and douglas fir 
in five different types of fireplaces and woodstoves among the inorganic species they found 
S and K (Watson et al., 2001). Summary of major elements with their emission sources in 











Table 1-1. Summary of major elements with their emission sources in the literature review 
Major Elements Emissions Source Study 
Ni Oil combustion (Godoy et al., 2009) 
Cd, Cu and Pb Transportation                (Godoy et al., 2009) 
Mo and Pb Automotive catalysts (Da Silva et al., 2008) 
Fe, Mn, Cu and Ni Peak traffic (Cui et al., 2020) 
Fe, Ni and Pb Oil-burning and tire wears from 
vehicles 
(Kulshrestha et al., 2009) 
Pb Vehicle exhaust emissions (Kulshrestha et al., 2009) 
K+ and Cd Biomass burning (Bari and Kindzierski, 2016) 
S, K and Fe Woodstoves (Ward and Lange, 2010) 
S Coal combustion (Bell et al., 2007; Rubin et al., 2008; 
Fang et al., 2015) 
K Mineral dust and biomass 
burning 
(Hueglin et al., 2005; Fang et al., 2015) 
Hg, Cr, P, Cd, Pb, Fe, Co, Ni, 
Mn, Cu, Mo and S 
Wood-fired combustion (Beauchemin et al., 2010) 
S and K Biomass burning (Artaxo et al., 2000; Maenhaut et al., 
2002; Guyon et al., 2004) 
P, K and Mn Components  (Artaxo et al., 2000) 
Hg Mining activity components  (Artaxo et al., 2000) 
P, S, K, Mn and Fe Biomass burning and soil dust (Guyon et al., 2004) 
Ti, Na, K and Fe Road dust/soil (Rubin et al., 2008) 
Pb and S Coal combustion sources (Gao et al., 1992; Bell, et al., 2007; Tian 
et al., 2010) 
Na, Mg, K, Ti, Mn and Fe Airborne dust and Human 
activities 
(Wang et al., 2006) 
Cu Fuel-burning, industrial 
metallurgical process, and waste 
incineration 
(Nriagu and Pacyna; 1988, Chueinta et 
al., 2000; Cong et al., 2007; Xu et 
al.,2012) 
S, Fe, Na, P, K and Ti Coal-fired boilers and residential 
woodstoves 
(Watson et al., 2001) 
1.3. Research Importance  
According to Environment and Climate Change Canada, addressing PM levels in the air 
is important for Canada (Canada-United States Air Quality Committee, 2012). The best way 
to reduce fine PM is to remove/diminish sources that produce it and/or reduce how much the 
remaining sources produce it. New ambient air quality criteria for PM2.5 were adopted by 
the province of BC on April 9, 2009, including non-statutory limits used to guide air-
management decisions (Table 1-2) (BC Provincial Air Quality, 2019). The intended target 
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is to guide airshed planning efforts and to encourage communities to maintain good air 
quality despite continual economic growth and development. 
Table 1-2. Non-statutory limits used to guide air-management decisions in the province for Annual and 24hr 
(BC Provincial Air Quality, 2019) 
Provincial Ambient Air Quality Criteria for PM2.5 
Criteria Level 
Air Quality Objective (24hr) 25 µg/m3 
Air Quality Objective (Annual) 8 µg/m3 
Planning Goal (Annual) 6 µg/m3 
 
In addition, according to the B.C. Lung Association, the PM2.5 annual average for the 
province of BC in 2017 was about 8 µgm-3 (BC lung Association, 2018). Most studies 
focused on the total mass density of PM2.5 without specifying the content of PM2.5. Knowing 
the elements that comprise PM2.5, can give a better understanding of health implications, and 
can make reducing air pollutants easier since sources can be inferred. In addition to PM2.5 
concentrations, we have analyzed the chemical composition of PM2.5 as one of the main 
sources of air pollution in the city of Prince George.  
1.4. Research Rationale 
In this study, the PM2.5 concentration and its chemical composition were quantified in 
two periods: cold and warm. This research examined the physical (mass) and chemical 
properties of PM2.5 in Prince George, BC. The analytical protocols were developed to sample 
and measure the targeted air pollutants accurately. PM2.5 samples were collected and 
analyzed for their chemical composition (trace elements). Within this research, the 
concentration of 15 elements including heavy metals, metalloids, and non-metallic elements 
– all of which can have an impact on human health- was measured. The Inductively Coupled 
Plasma Mass Spectrometry (ICP-MS) was used to measure the concentration of Hg, Cd, Pb, 
Cr, Mn, Fe, Co, Nickel (Ni), Cu, Mo, Ti, K and Na. The Inductively Coupled Plasma Optical 
Emission Spectrometry (ICP-OES) was used to analyze the concentration of P and S. 
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Additionally, the ICP-OES was used for cross-checking the amount of Na and K samples 
measured by ICP-MS.  
Typically, ICP-MS allows simultaneous determination of the concentrations of up to 65 
elements in a liquid or dissolved solid samples (Espinoa et al., 1998). The ICP-MS technique 
is being used in many air quality studies, and it is considered the state of the art tool in the 
search for low detection limits (Espinoa et al., 1998). For example, Feng et al. (2009) used 
the ICP-MS analysis to measure Cd, Co, Cr, Cu, Fe, Mn, Mo, Ni and Pb in Guangzhou 
(China) from fine particle. Julien et al. (2011) used ICP-MS to measure Cd, Co, Cu, Mn, 
Mo, Ni and Pb in urban dust and urban atmospheric ash.   
1.4.1. Research Objectives 
The overarching objectives of this study were to evaluate the mass concentration and 
chemical composition of PM2.5 in Prince George. Also, to quantify the differences in PM2.5 
concentration and composition between the cold and warm periods in Prince George. In 
addition, to identify the potential sources of PM2.5 based on literature review.  
1.4.2. Research Questions 
The following are the research questions: 
1) What are the mass concentrations and chemical composition of PM2.5 air pollutants 
in the Prince George atmosphere? 
2) Is there any significant difference in PM2.5 concentration and chemical composition 
for different periods? 
3) What are the possible sources of PM2.5 air pollutants in the city of Prince George? 
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 2. MATERIALS AND METHODS 
2.1. Study Area  
Prince George is located in north-central BC at the confluence of the Fraser and Nechako 
rivers (Figure 2-1). The topography within three kilometres of Prince George has a small 
difference in elevation (Weatherspark, 2020). The average elevation is 183 meters above the 
sea level with a maximum change of 143 meters. In 2016, the population of Prince George 
was estimated at 74,003 which makes Prince George the largest city in northern BC and the 
ninth-largest community in the province. According to the Prince George airport weather 
station (Station ID: 1096450; Latitude: 53°53'27" N; Longitude: 122°40'44" W; Elevation: 
691.3 m) Prince George annual air temperature averages 4.3°C and ranges from -7.9°C to 
15.8°C (Government of Canada, 2019) (Figure 2-2). In this study, the average temperature 
during the cold period (January 1st to April 30th) was -5 °C (Time and Date AS, 2020) and 
during the warm period (May 1st to August 30th) was 14 °C (Time and Date AS, 2020). The 
mean annual precipitation is 594.9 mm, with a maximum of 65.3 mm in June and a minimum 
of 29.5 mm in February (Government of Canada, 2019). Prince George has mild seasonal 
wind variation during the year. Fo the windier part of the year which lasts for almost 7 
months (October – May ), the wind average speed is 6.3 km per hour. The rest of the year 




Figure 2-1. Location of Prince George in central BC; the red circle corresponding to the study area. 
 
Figure 2-2. Monthly mean temperature and total precipitation for 1981 to 2010 Canadian Climate Normals 
for the Prince George Airport station (retrieved from Environment and Climate Change Canada 
http://climate.weather.gc.ca/climate_normals/, 2019). 
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2.2. Site Selection 
Site selection is an essential component in the design of any air monitoring project. The 
frequency of sampling and location of sampling stations need to be carefully selected to 
reflect the monitoring objectives. At the beginning of this research, three sites (i.e., Hart 
Highway, University of Northern British Columbia campus and Tourism Building) were 
selected for preliminary PM2.5 air sampling in the spring and early summer of 2017. Due to 
budget restrictions however, we could not acquire enough air sampling equipment to be able 
to collect enough representative samples (and duplicates) from all three locations at the same 
time. Therefore, an area in downtown Prince George was selected as the sampling station. 
From late 2017 until August 2018, the Tourism Building rooftop (TB), located at (1300 1st 
Avenue, Prince George, BC, V2L 2Y3), which is close to the railway station in downtown 
Prince George was the air sampling station for this research (Figure 2-3). The TB station 
was selected for the following reasons:  
• TB is located close to several emissions sources including rail way, vehicle traffic and 
heavy industry (e.g. oil refinery and pulp mills). 
• TB is near the Plaza 400 building, the MoE central air monitoring station in Prince 
George, which was used as a benchmark for comparison. 
• TB is situated in a busy part of the city. 
• We were granted access to the rooftop and electricity required for air sampling.  




Figure 2-3. Air sampling stations at Tourism Building and Plaza 400 with their distance, Prince George 
(retrieved from Google Map https://www.google.com/maps, 2019). 
2.3. Data Collection  
This section focuses on in situ data collection and the associated fieldwork procedures of 
PM2.5 air sampling. A field campaign was undertaken to collect high-frequency air sampling 
data to address the research questions of this study. Data collection is discussed in two 
distinct sections. The first section discusses the procedure for measuring PM2.5 concentration 
and the frequency of sample collection (Section 2.3.1). The second section describes the 
laboratory procedures used to determine the chemical composition of the collected PM2.5 
samples (Section 2.3.2). 
2.3.1. PM2.5 Sampling Procedure  
PM2.5 samples were collected using two AIRCHEK XR5000 air sampling pumps (SKC, 
United States of America) on the Mixed Cellulose Ester Membrane (MCE) filters installed 
inside the Personal Environmental Monitors (PEM) (Figure 2-4 and Figure 2-5). The PEM 
is a personal sampling device used with a sampling pump to provide a standardized 
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collection of particulates of either 2.5 µm (PM2.5) or 10 µm (PM10) aerodynamic equivalent 
diameter. For this study, a PEM was used to sample PM2.5.   
MCE (diameter of 37.0 mm and pore size of 0.8 μm) filters were selected for sample 
collection because they are chemically inert, stable and low in the background metal 
concentrations (SKC, 2015). According to SKC (2015), the MCE filter can be used to collect 
airborne metals using both the National Institute for Occupational Safety and Health 
(NIOSH) as well as the Occupational Safety and Health Administration (OSHA) methods 
(SKC, 2015).  
The air sampling pumps were calibrated on-site before and after for each sample and 
followed the manufacturer’s specifications using the primary calibrator (Defender 510, Mesa 
Laboratories, Inc, United States of America). For this study, the target flow rate was set to 4 
litres per minute (L/m) as per the PEM specification. Pre- and post-sampling flow rates were 
recorded three times, and the average flow rate was recorded. If the post-sampling flow rate 
had more than ± 5% deviation from the pre sampling flow rate, the collected air sample was 
excluded from further analysis (MSHA, 2014).  
 
Figure 2-4. The SKC AIRCHEK XR5000 air sampling pumps (A), PEM (B), and the calibration Defender 





During the preliminary study, PM2.5 samples were collected for 48hr at three sampling 
stations. PM2.5 samples were collected from 10 July 2017 to 30 August 2018 at the TB 
station, from 14 July 2017 to 15 September 2017 at the UNBC station, and from 9 August 
2017 to 16 August 2017 at the Hart highway station (Table 2-1). Duplicate PM2.5 samples 
were collected at the TB station using two similar air sampling pumps under the same 
environmental conditions from January to August 2018. 
 
Figure 2-5. The SKC AIRCHEK XR5000 air sampling pumps placed inside the insulated box. The container 
was designed to retain heat during the cold season. 
Long-term historical PM2.5 data were acquired from the Prince George Plaza 400 - Air 
Monitoring Station (Longitude -122.74194, Latitude 53.91472, elevation 588 m), operated 
by the BC Ministry of Environment (Province of BC, 2018) to use as a benchmark for 
comparison. Because the Plaza 400 station was out of service from 22 August 2017 to 16 
January 2018 due to roof replacement, only Plaza 400 data for the air sampling period of 
February 2018 to August 2018 was used for comparison (Table 2-2). In October 2017, the 
AIRCHEK XR5000 pumps used to collect data for this study were sent for servicing. As a 

















Year  2017 2017 2017 2018 2018 2018 
January - - - 9 - - 
February - - - 10 - - 
March - - - 10 - - 
April - - - 6 - - 
May - - - 6 - - 
June - - - 9 - - 
July 10 8 - 9 - - 
August - - 6 6 - - 
September - 6 - - - - 
October - - - - - - 
November 6 - - - - - 
December 4 - - - - - 
Table 2-2. Number of samples (based on 48hr sampling time) for PM2.5 at the TB (collected samples for this 
study) and Plaza 400 stations (collected from Envista database) (2018). 
Station Tourism Building Plaza 400  
(Province of British Columbia, 
2018) 
January 9 7 
February 10 14 
March 11 16 
April 5 15 
May 6 15 
June 9 15 
July 9 16 
August 6 15 
2.3.2. Lab Preparation and Analysis 
Lab components of this research consisted of pre- and post- sampling phases. The pre-
sampling phase lab activity was mainly conditioning the MCE filters for PM2.5 sampling. 
The post-sampling lab activity was the conditioning of the PM2.5 filters before measuring 




2.3.3. Laboratory Procedure Pre-Sampling 
According to the US Environmental Protection Agency (EPA) method for conditioning 
of air sampling filters, the temperature (T) requires to be between 20°C to 23°C (±2°C), and 
relative humidity (RH) needs to be between 30% and 40% (±5%) for over 24 hours (EPA, 
2016; State of Alaska Department of Environmental Conservation Division of Air Quality, 
2017). Hence, MCE filters were conditioned in the lab at a temperature of 20°C and RH of 
32% for 48hr. RH and T were controlled in a closed vessel using a saturated calcium chloride 
solution (CaCl2 x 6 H2O). Saturated calcium chloride creates a condition in which RH 
remains at 32% at 20°C (Markandey and Rajvaidya, 2006). Once all the filters were 
conditioned, their mass was recorded using an analytical microbalance (Cubis Microbalance, 
model: MSE3.6P-000-DM, Sartorius, Germany), which could measure mass to a high degree 
of precision (0.001 mg). Each filter was weighed three times, and the average mass was 
calculated for data processing and analysis. Once the PM2.5 sampling was completed, filters 
were transferred to the lab and conditioned again for further analysis (see Section 2.3.4). The 
triplicate weights measurement did not show significant differences; the standard deviation 
of the measurements is shown in Appendix A (Table A1.1).   
2.3.4. Laboratory Procedure Post-Sampling 
2.3.4.1. Measuring PM2.5 Concentrations of the Collected Samples  
Once sampling was completed, all filters were sealed and transported to the Northern 
Analytical Laboratory Services (NALS) at UNBC for further analysis. All of the collected 
air samples (filters) were conditioned at 20°C (±2°C) and RH of 32% (±2%) for 48hr and 
then weighed. Each filter was weighed three times by the microbalance. The mass of PM2.5 
samples was calculated by subtracting the filter masses before and after air sampling. The 
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microbalance was calibrated three times using internal and external calibration standards. 
Internal calibration of the microbalance machine is an automatic process pre-programmed 
on by the manufacturer. External calibration was employed by using a set of reference 
(standard) weights to adjust the balance. 
During the weighing process, the filter must remain in a controlled environment where 
the T remains at 20°C and the RH at 32%. For this reason, a box was designed and built by 
the NALS team to keep the microbalance under controlled conditions (Figure 2-6).  
 
Figure 2-6. Microbalance box at the NALS. 
To address static electricity problems during the weighing process (due to low humidity 
of the lab environment), a sealed radioactive strip (Static Master 1U400, 2.83 g; 0.18 in W; 
0.93 in H; 1.30 in L) was installed inside the microbalance chamber. Static Master has a 
small profile ionizer that offers “zero-volts balance” technology, and it can effectively 
remove all of the static charges present at the surface.  
2.3.4.2. Measuring Chemical Compositions of the PM2.5 Samples 
Chemical compositions of the collected PM2.5 air samples were measured using ICP-MS 
and ICP-OES techniques. Samples were first digested according to the NIOSH 7303 method. 
Each filter was transferred to a Polypropylene tube for acid digestion. A 5ml solution of 
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Nitric acid (NHO3) (1.25ml) of 25%, Hydrochloric acid (HCl) (1.25 ml) of 25%, and 
deionized water (2.5ml)  were added to each sample (Figure 2-7). 
 
Figure 2-7. The Teflon tube filled with NHO3 (1.25ml) of 25%, HCl (1.25 ml) of 25%, and deionized water 
(2.5ml). 
The tubes were covered with a lid just tight enough to prevent spilling but loose enough 
to vent the vapour. All samples were digested on a hot block digester (DigiPREP MS, SCP 
Science, Canada) at 95°C for 30 min. 
A quality control procedure was implemented using the calibration curve and standard 
solutions to determine any need for corrective actions during the analysis process. Quality 
controls were included in the digested samples. In each batch of approximately 5 ml or so 
there was a method blank, 1 part per million (ppm) standard spike, and duplicates where 
applicable. When running the ICP-MS and ICP-OES, each batch was bracketed with a 
Continuing Calibration Verification (CCV) and a blank check. 
Random PM2.5 samples were duplicated, and both samples were tested to make sure the 
same results were obtained for both samples. Calibration curves were used – ranging from 
levels 1 to 9 made from the multi-element standards – to calibrate the ICP-MS and ICP-
OES. ICP-MS uses internal standards, including Bismuth (Bi), lanthanide (ln), Lithium (Li), 
Scandium (Sc), Terbium (Tb) and Yttrium (Y) that runs alongside with external calibration 
standards and samples. Internal standards are selected based on a comparison of mass with 
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the closest mass of elements of interest. However, there was no internal standard used for 
the ICP-OES.  
Descriptive statistics analyses were employed from literature to report both PM2.5 
concentration and elemental chemical composition (Brown et al., 2008). The mean, 
minimum, maximum, standard deviation and 95% interval confidence (IC) was calculated 
for PM2.5 concentrations. In addition, mean, minimum, maximum and the standard error of 
the mean were analyzed for elemental chemical composition. Statistical analysis is explained 

















 3. RESULTS  
3.1. PM2.5 Concentrations Analysis  
PM2.5 data were collected at the TB station from February to August 2018. The collected 
data were compared to the PM2.5 data of Plaza 400 station (SHARP Model 5030 (Thermo, 
MA, USA)). The Plaza 400 station is a good benchmark for comparison with the TB station 
because it reports the historical PM2.5 data, and the station is located in close proximity to 
the TB site:  both stations are located in downtown Prince George with approximately 750 
m of each other and are influenced by the similar weather conditions.  
Comparing the PM2.5 data between these sites can provide valuable information leading 
to important conclusions about city air quality. If the analysis in this study demonstrates a 
strong relationship in terms of PM2.5 concentration between Plaza 400 and TB station, similar 
results could also be anticipated in the surrounding area to these stations. Conversely, if there 
is no significant relationship between PM2.5 concentrations at these two stations, it can be 
concluded that there is a lot of spatial variability in PM2.5 concentrations in downtown Prince 
George. 
48-hour averages from the hourly data at Plaza 400 from the Envista database were 
compared with the TB station data. PM2.5 concentration data (48 hours) are summarized in 
(Table 3-1 and Table 3-2) and illustrated in Figure 3-2. The mean for Plaza 400 and TB 
stations was for the entire month during the sampling period. The TB station data exhibited 
a higher mean, maximum, and minimum of PM2.5 from February to June  2018 compared to 
the Plaza 400 stations (Table 3-1). Specifically, the mean of PM2.5 in February 2018 is much 
higher at the TB station compared to the Plaza 400 station. In February, there were two 
weeks with high PM2.5 concentration (30.99 µg/m
3, 78.87 µg/m3, 82.99 µg/m3, 15.75 µg/m3) 
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based on 48 hours sample collection. According to the collected data, the mean PM2.5 
concentrations were higher from 11th February to 20th February 2018. Higher concentration 
of PM2.5 can be as results of burning biomass to warm up the house and combat the cold 
weather during this period. In addition, the cold air stagnant at downtown Prince George 
could be another reason for the increased PM2.5 concentration during this period. During the 
wildfire, however, the Plaza 400 station reported a higher PM2.5 in August 2018 compared 
to the TB station (Figure 3-3 and Table 3-1). The average of PM2.5 in August 2018 for Plaza 
400 and TB was 85.0 µgm-3 and 74.3 µgm-3, respectively. PM2.5 concentrations have 
changed from February to August 2018 at the Plaza 400 and TB stations (Figure 3-3). In 
general, the mean of PM2.5 concentrations in Plaza 400 was lower compared to the TB 
station, with the exception of August. The standard deviation (SD) and 95% IC was also 
calculated for both TB and Plaza 400 stations (Table 3-1).  The SD for the TB station showed 
higher value for February and August; the higher value can be explained by as the higher 
concentration of PM2.5 during the two weeks in February which was mentioned earlier. The 
high fluctuation in PM2.5 concentrations at the TB station was also results in increasing the 
SD in August during the wildfire. The SD for the Plaza 400 in August was higher compare 
to other months.  
Table 3-2 shows the mean, minimum, maximum and percentage of coefficient of 
variation (CV) during cold and warm period for the TB and Plaza 400 stations. The CV was 
higher during the warm period compare to the cold period. Thus, the statistical analysis 
suggests that during the warm period the data was more dispersed compare to the cold 
period. 
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The comparison of PM2.5 concentrations between these two stations described in the 
discussion section. The data from the TB station samples collected for this study were 
compared during the matching period with Plaza 400 (48 hours sampling time). Data for the 
average monthly temperature (°C) in Prince George (January – August 2018) is obtained 
from ministry of Environment and Natural Resources (Government of Canada - 
Environment and Natural Resources , 2019) and shown in (Figure 3-1). 
 
Figure 3-1. Average monthly temperature (°C) in Prince George (January – August 2018) (Government of 
Canada - Environment and Natural Resources, 2019) 
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Figure 3-2. Comparison (48 hours) of PM2.5 data between the Plaza 400 and TB stations (February- August 
2018).  
 
Table 3-1. Monthly comparison of mean, minimum (min), maximum (max), standard deviation (SD) and 
95% interval confidence (IC) of PM2.5 for each month at the Plaza 400 and TB stations (February - August 
2018). 
Month 
TB (µgm-3) Plaza 400 (µgm-3) 
Mean Min Max SD 
Int 
(95%IC) 




44.0 11.4 83.0 34.5 
42.9 
(1.1-86.9) 




19.7 14.8 23.8 2.5 
1.8 
(17.9-21.5) 




16.5 13.5 18.9 2.1 
2.2 
(14.3-18.7) 




20.0 9.0 29.4 7.5 
7.8 
(12.2-27.8) 




18.7 10.0 26.8 5.1 
3.9 
(14.8-22.6) 




17.5 10.3 24.1 5.1 
4.2 
(13.3-21.7) 




74.3 24.9 183.4 62.7 
65.8 
(8.5-140.1) 




Table 3-2. Mean, minimum, maximum and percentage of coefficient of variation (CV) during the cold and 
warm period for TB and Plaza 400 stations. All concentrations are in µgm-3. 
Location Period Mean Minimum Maximum CV(%) 
TB  
Cold 24.6 11.4 83.0 78.1 
Warm 30.1 9.0 183.4 117.5 
Plaza 400 
Cold 9.5 1.7 28.6 62.4 
Warm 28.1 3.3 287.0 170.9 
Overall, similar PM2.5 concentration temporal trends were observed between the 
Plaza 400 and TB stations.  The correlation, mean absolute error (MAE) and root mean 
square error (RMSE) were also calculated between Plaza 400 and TB. The analysis indicated 
a quite low correlation between the Plaza 400 and TB stations, r (0.50), P-value < 0.05 (Table 
3-3). The MAE and RMSE between the Plaza 400 and TB station were  27.10 (µg m-3) and 
16.90 (µgm-3), respectively. Details of PM2.5 concentration between the Plaza 400 and TB 
are discussed in more detail in the discussion section.  
 
Figure 3-3. Comparison of PM2.5 data between the Plaza 400 and TB stations (February - August 2018). Dots 
outside of the box and whiskers are outliers. The maximum and minimum values are shown at the end of 
each whisker without including outliers’ values. The upper and lower quartiles are the ends of the box, and 
the median is the horizontal line in the center of the box. 
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Table 3-3. Results of the PM2.5 comparison between the Plaza 400 and TB stations. The results are computed 






R (Correlation) P-value 
Plaza 400  
vs.  
Tourism Building 
PM2.5 16.90 27.10 0.50 0.01 
 
3.2. PM2.5 Composition Analysis  
Two elemental analysis protocols were developed for quantitative measurement of the 
elemental composition of PM2.5 samples using ICP-MS and ICP-OES techniques. ICP-MS 
and ICP-OES are two instrumental analysis techniques for measuring trace amounts of 
different elements in environmental samples (Thomas, 2013). For this research, the ICP-
OES was employed to measure two non-metal elements of Phosphorus (P) and Sulphur (S) 
(Table 3-4). 
ICP-MS has lower detection limits for most metals’ analysis (in the range of parts per 
trillion), but ICP-OES is suitable for detection between parts per million to parts per billion. 
Some double-charged ions, due to mass-interferences that are close to argon, cannot be 
discriminated by ICP-MS. ICP-OES is great for measuring alkali and alkali earth metals that 
the ICP-MS sometimes has trouble with. Thus, ICP-OES was used for measuring S and P in 
this research. As it is stated in ICP-MS database element information, it is extremely difficult 
to determine S using ICP-MS. Because S has interference with many elements such as zinc, 
titanium, and copper. Phosphate has interference with Cu (Creed et al., 1994). In addition, S 
and P are not included in detection limits for ICP-MS (Wilbur et al., 2008). 
ICP-MS was used to measure the composition of PM2.5 for 13 elements (Table 3-4). The 
Limit of Detection (LOD) is the lowest analyte concentration that can be detected (Bernal, 
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2014). Generally, if an element of interest has regulatory limits or maximum allowable 
concentration (MAC) that are below or near the lower detection limit of ICP-OES, then, 
ICP-MS with lower LOD might be used for the measurement.  
Table 3-4. List of measured elements of the PM2.5 samples, and their limit of detections by ICP-OES and 
ICP-MS for the analytical protocol used in this study  
ICP-MS LOD (µg /m3) ICP-OES LOD (µg /m3) 












Potassium (K) 0.00434 
Mercury (Hg) 0.0001 
Sodium (Na) 0.00087 
Lead (Pb) 0.00002 
Chromium (Cr) 0.00056 
Iron (Fe) 0.00017 
Cobalt (Co) 0.00001 
Nickel (Ni) 0.00017 
Manganese (Mn) 0.00013 
Copper (Cu) 0.00009 
Titanium (Ti) 0.00043 
Molybdenum (Mo) 0.00013 
 
The comparison of PM2.5 chemical composition at the TB station for both the cold and 
warm periods are shown in Table 3-5 along with standard error. During the analysis, all the 






Table 3-5. Summary of PM2.5 chemical composition for each element at the TB station during the cold and 
















Cadmium (Cd) ±0.00004 
Minimum 0.00001 ≤ *  0.00001 ≤ * 0.00001 ≤ *  
Maximum 0.00022 0.01127 0.00018 
Mean 0.00004 0.00047 0.00004 
Cobalt (Co) ±0.002 
Minimum 0.00002 0.00002 0.00002 
Maximum 0.06294 0.01093 0.00008 
Mean 0.00696 0.00043 0.00004 
Chromium (Cr) ±0.0003 
Minimum 0.00060 0.00060 0.00060 
Maximum 0.00755 0.01111 0.00622 
Mean 0.00335 0.00200 0.00207 
Copper (Cu) ±0.0002 
Minimum 0.00017 0.00010 0.00010 
Maximum 0.00733 0.01840 0.00297 
Mean 0.00136 0.00231 0.00086 
Iron (Fe) ±0.009 
Minimum 0.05000 0.00144 0.05000 
Maximum 0.28838 0.22271 0.22271 
Mean 0.09911 0.08117 0.08531 
Mercury (Hg) ±0.0001 
Minimum 0.0001 ≤ *  0.0001 ≤ * 0.0001 ≤ * 
Maximum 0.00221 0.00274 0.0001 ≤ *  
Mean 0.00081 0.00025 0.0001 ≤ * 
Potassium (K) ±0.008 
Minimum 0.01628 0.01319 0.01319 
Maximum 0.26100 0.69400 0.09564 
Mean 0.06390 0.11923 0.04803 
Manganese (Mn) ±0.0003 
Minimum 0.00052 0.00120 0.00120 
Maximum 0.00933 0.04445 0.00681 
Mean 0.00294 0.00792 0.00268 
Molybdenum (Mo) ±0.0003 
Minimum 0.00013 ≤ * 0.00013 ≤ * 0.00013 ≤ * 
Maximum 0.00038 0.01026 0.00027 
Mean 0.00015 0.00052 0.00012 
Sodium (Na) ±0.016 
Minimum 0.02784 0.00200 0.00200 
Maximum 0.57450 0.19970 0.19970 
Mean 0.12865 0.06156 0.06456 
Nickel (Ni) ±0.00009 
Minimum 0.00017≤ * 0.00017≤ * 0.00017≤ * 
Maximum 0.00207 0.01102 0.00281 
Mean 0.00051 0.00128 0.00060 
Lead (Pb) ±0.00005 
Minimum 0.00005 0.00007 0.00010 
Maximum 0.00121 0.01049 0.00156 
Mean 0.00032 0.00076 0.00047 
Titanium (Ti) ±0.00004 
Minimum 0.00043≤ * 0.00043≤ * 0.00043≤ * 
Maximum 0.00150 0.00914 0.00145 
Mean 0.00064 0.00097 0.00071 
Phosphorus (P) ±0.002 
Minimum 0.00500 0.00500 0.00500 
Maximum 0.01740 0.06200 0.06200 
Mean 0.00644 0.01300 0.01140 
Sulphur (S) ±0.04 
Minimum 0.02000 0.05090 0.05290 
Maximum 0.77500 1.02000 0.82100 
Mean 0.22200 0.34400 0.24900 
* Limit of detection (LOD): refers to where collected sample is relatively low and/or near the detection limit. 
The LOD value is variable for each element. 
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The mean concentration variation during the cold period was in the order of S > Na > Fe 
> K > Co > P > Cr > Mn > Cu > Hg > Ti > Ni > Pb > Mo > Cd. During the warm period the 
concentration variation was in the order of S > K > Fe > Na > P > Mn > Cu > Cr > Ni > Ti 
> Pb > Mo > Cd > Co > Hg. It was observed that the concentration of Ti and Hg remained 
relatively low and near the detection limit during the cold and warm periods (Figure 3-4). 




Potassium exhibited the highest concentration during the warm period (i.e., August), 
while both Na and Fe have reached their highest concentration level during the cold period 
(i.e.  January and April, respectively) (Figure 3-6). Low concentration level was observed 
for Mo, Pb, Ni, Cr, Cd, Cu, Mn and Co in both warm and cold seasons. Several constituents 
show relatively high levels (in multiple samples) at the end of July, which could be resulted 
from wildfire and road dust generated by vehicle’s activities (highway 16). 
Although the Ti and Mo concentration remained low during the sampling period, a 
sudden increase was observed in late July. Similar changes were observed for other elements 
such as Mn, Hg, Ni, and Cu. In contrast, Co and Cr showed declining trends from the 
beginning of January to the end of August 2018, with the exception of a sudden jump in the 
Figure 3-4. Trend line with error bar of Hg, and Ti (January – August 2018). 
Start of wildfire – 25th July Start of wildfire – 25th July
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concentration of Co in mid-March 2018. A similar incline was detected for Fe, Cr, Hg, and 
K in March 2018. The sudden increase occurred on March 11th for Cr, March 13th for Fe and 
K, and there was a constant rise in March for Hg (Figure 3-7).  
Overall, in most cases, the highest level of heavy metals was noted during wildfires from 
late July to August. Additionally, elevated levels of Cu, Fe, Hg, K, and Mn were observed 
from January to August 2018. Detailed results of PM2.5 composition and their seasonal 
changes are elaborated and discussed in section 4.  
The monthly trend line concentration of non-metal elements of P and S during the cold 
and warm periods are shown in (Figure 3-5). The average value of each element is also 
shown in each month.  The average concentration variation during the cold and warm periods 





Figure 3-5 Trend line with error bar of non-metals at the TB station during the cold and warm period (February – 
August 2018). 
Start of wildfire – 25th July Start of wildfire – 25th July
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The monthly average concentration of each element is shown in Figure 3-8. From January to 
August 2018, the concentration of Fe, K, and Na was higher compared to the rest of the measured 
elements in samples. In addition, Co had a spike in March compared to other months. During late 
July and August months, the concentration of all heavy metals increased most likely due to the 


















Figure 3-8. Monthly average concentration of heavy metals with error bar (January – August 2018). 
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It was noticed that P and S levels were elevated during the sampling period from February to 
August 2018 (Figure 3-9). Particularly, in all cases, the highest composition of the elements was 
noted during wildfires.  
 
Figure 3-9. Quantification of element composition of Phosphorus (P), and Sulphur (S) from (February – August 
2018). Dots outside of the box and whiskers are outliers. The maximum and minimum values are shown at the end 
of each whisker without including outliers’ values. The upper and lower quartiles are the ends of the box and the 
median. 
The monthly average concentration of P and S for each month is shown in Figure 3-10 along 
with the error bar. The concentration of S was much higher compared to P from February to August 
2018. The concentration of P was consistent throughout the study period with a slight increase in 
August because of wildfire.   
 
Figure 3-10. Monthly average concentration of P and S from with error bar (February – August 2018). 
40
In this study, sodium (Na) and potassium (K) were measured by both ICP-MS and ICP-OES 
techniques from (February - August 2018) for cross-checking of the consistency and reliability of 
both techniques. The regression analysis was employed to assess K and Na data obtained from 
both techniques, in which strong correlations were found for both  K and Na results collected by 
ICP-OES and ICP-MS (Table 3-6). 
Table 3-6. Correlation between the monthly average of Sodium (Na) and Potassium (K) using ICP-OES and ICP-
MS (February-August 2018) sample size #99. 
ICP-OES Vs ICP-MS K Na P-Value 
Correlation 0.89 0.86 Significant 
P-Value 0.03 0.03 < 0.05 
MAE 0.04 0.03 - 




























 4. DISCUSSION 
 
In the following section, the comparison of PM2.5 concentrations between the Plaza 400 and TB 
stations are discussed, along with the chemical compositions of PM2.5 during the cold and warm 
periods.  
4.1. PM2.5 Concentrations 
It was found that in most cases, the TB station recorded higher PM2.5 levels compared to the 
Plaza 400 station with the exception of August 2018. The active 2018 BC wildfire situation can 
explain the highest PM2.5 concentrations in August. The daily average level of PM2.5 can reach up 
to 200 µg m-3 during wildfire days (Liu et al., 2017). The average PM2.5 during the collected sample 
in wildfire 2018 for the Plaza 400 (48 µg m-3) and TB station (46 µg m-3). A total of 2,092 wildfires 
burned over 1.35 million hectares in BC during wildfire 2018 (BC lung Association, 2019). The 
summer of 2018 was one of the poorest air quality periods ever recorded for the city. Heavy 
wildfire smoke inundated much of the province that summer. Wildfires are a significant source of 
the smoke, and therefore substantial changes occurred in the air quality of BC in August 2018 (BC 
lung Association, 2019).    
4.1.1. PM2.5 Concentrations – Excluding Wildfire 
The PM2.5 concentrations were analyzed during the cold and warm periods. The warm period 
was separated into two parts, namely wildfire- included (May, June, July and August) and wildfire- 
excluded (May and June). In this section, the concentration of PM2.5 excluding the wildfire is 
discussed. An increase in PM2.5 concentrations for TB (mean: 44.0 µgm-3) was detected in 
February 2018 while the Plaza 400 concentration was (mean: 11.1 µgm-3) during that time.  
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The PM2.5 concentrations are higher during the cold period compared to warm without 
considering the wildfire period (i.e., July and August) at both stations. Rubin et al. (2008) reported 
that PM2.5 concentrations in Prince George is higher during the winter season.  During the 
wintertime because of wood-burning and meteorological conditions PM2.5 increases (BC MoE 
2016).  
Two major factors that influence air quality 
1. Meteorology has a strong influence on air quality. During cold-weather months, 
temperature inversions are more frequent, tend to be stronger and last for longer periods (i.e. when 
daylight hours are shorter). Air quality tends to be poorer in these months even if the emissions do 
not change. 
2. Emissions change seasonally, usage of wood stoves, wood-burning, industry activities 
(e.g., pulp and sawmills) and an increase of motor vehicle operations during the cold period are 
other sources of PM2.5 (Rubin et al., 2008; BC MoE 2016; Bari and Kindzierski, 2016). 
Additionally, the use of road-salt for de-icing the roads results in increasing the PM2.5 
concentrations during the cold season (Bari and Kindzierski, 2016). 
4.1.2. PM2.5 Concentrations – Including Wildfire  
 The impact of wildfire on the PM2.5 concentration at the Plaza 400 and TB stations during the 
warm period is demonstrated in (Figure 4-1). Once the wildfire data is included the average of 
PM2.5 concentrations at the Plaza 400 station increased from 7.66 µg m
-3 to 28.10 µg m-3 and at 
the TB station from 17.50 µg m-3 to 23.70 µg m-3, respectively. Thus, the data clearly shows that 
wildfire significantly affected the PM2.5 concentration level in both stations. Every year forest fires 
destroy millions of hectares of forest in North America, and it is a significant source of air 
pollution, particularly PM2.5 (BC Center for Disease Control, 2019; Sapkota et al., 2005).  
43
Similar patterns were observed between Plaza 400 and TB during the cold and warm period. 
However, slight differences were observed between these two sites, which can be the result of 
several factors. Because air sampling is very sensitive to environmental factors, one of the main 
reasons can be associated with the fact that the timing of sample collection at both stations was not 
exactly synchronized.  Due to technical restrictions, we were not able to collect air samples 
consistently and continuously, while at Plaza 400, as a provincial air sampling station, air samples 
are collected on a regular basis with defined/constant intervals. Furthermore, the location of these 
two stations is slightly different and the distance (elevation) of the air sampling stations from the 
ground. SHARP Model 5030 (Thermo, MA, USA) was used to collect data at the Plaza 400 station 
(570m elevation ground level (Google Earth, 2020)) located at the Plaza 400 roof (5th floor; height 
~17.5m from the ground level) and the total elevation is 587.5m ; the sampling equipment for this 
research was installed at the tourism building roof (2nd floor; height 4m from the ground level). 
Also, different pumps (different flow rates) and different sampling methods were used, which may 
result in different air samples. The high concentration of PM2.5 at the TB station could be attributed 
to high traffic, emissions from nearby industries, the railway stations close to the sampling site and 
resuspension of road dust (adjacent to highway 16).  To minimize the difference between the Plaza 
400 and this study, it would have been useful to set up both stations at the same location, however, 
this was not feasible. 
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Figure 4-1. Comparison of PM2.5 concentrations, including and excluding the wildfire impact for the Plaza 400 and 
TB stations. 
4.2. PM2.5 Compositions 
Ni, Cd, Pb, Mo, and Cu were consistent during the cold period however  there was a sudden 
increase on July 16th and 18th, 2018 (Figure 3-6). During July, seven samples were collected on 
3rd, 5th, 11th, 16th, 18th, 24th, and 27th of July respectively.  The unexpected increase was started in 
July 16th and reached the highest in July 18th and it declined in July 25th. The sudden increase was 
not due to wildfire as the wildfire was started around July 25th.  According to the collected sample 
the PM2.5 compositions starts to elevate on July 24
th and gradually declined by the end of August 
which can be explained by diminishing wildfire activity.  
Cr fluctuates over the cold and warm period while it slightly declines over the span of the time 
(Figure 3-6). K and Mn have a steady pattern during the cold and warm periods with the exception 
of an increase from late July to August during the wildfire (Figure 3-6).  Na and Fe had increased 
in March and April, and the reason could be raised of dust due to vehicle activities, and sand/salt 
from sidewalks to the air (Figure 3-6). Na also had an increase during August due to wildfire, while 
Co went up in March but was consistently close to zero during other months (Figure 3-6).   
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The highest concentration of S, and P were observed during August, most likely because of 
wildfire (Figure 3-5). Additionally, a sudden jump occurred in March 2018 for S, P (Figure 3-5), 
Cr (Figure 3-6), and Hg (Figure 3-4). Additionally, Ti and Hg remained relatively low and near to 
zero during the cold and warm periods (Figure 3-4). There is not sufficient evidence to draw a 
conclusion for a sudden jump in March for S, P (Figure 3-5), Cr (Figure 3-6) and Hg, and low 
concentration for Hg and Ti (Figure 3-4). 
4.2.1. Element Compositions Sources  
Generally, PM2.5 is produced naturally (e.g., forest fires) and released directly or indirectly as a 
result of human activities (e.g., transportation and fuel combustion) (Wang et al., 2006). The PM 
can be comprised of many substances - elemental contaminations are a concern from a health 
perspective. Cd, Cr, Cu, Ni and Pb can be produced as a result of anthropogenic activities, while 
Fe, Na, K, Ti, and Mn are considered to be earth crustal elements (Wang et al., 2006).  
The Prince George air quality is being impacted by local industry activities such as sawmills, 
biomass burning, pulp and paper manufacturing industries. The possible sources of air pollution 
types with their associated elements are previously discussed in detail in section 1.2. The following 
section summarizes the sources of air pollution with their associated elements (Table 4-1). 
Additionally, the results of this study are compared with PM2.5 average of other cities within 
Canada as well as other larger cities around the world  in order to identify the similarities and 
differences of chemical composition between Prince George and other cities in Canada and other 





Table 4-1. Potential source of PM2.5 elements, including both anthropogenic and natural causes.  
Elements Potential Sources 
Ca (Calcium) Industrial activities, road dust/soil, hog fuel boiler, wood-burning   
Cd (Cadmium) Biomass burning, wood-fire 
Co (Cobalt) Industrial activities, wood-fire 
Cr (Chromium) Asphalt dust, wood-fire 
Cu (Copper) Wood-fire 
Fe (Iron)  Road dust/soil, wood-fire 
Hg (Mercury) Wood-fire 
K (Potassium) Biomass burning, wood-stove, mineral and road dust/soil, hog fuel boiler, saw/pulp mill, forest fire 
Mn (Manganese) Wood-fire 
Mo (Molybdenum) Wood-fire, oil refineries 
Na (Sodium) Road dust/soil, saw/pulp mill 
Ni (Nickel) Oil combustion, wood-fire 
P (Phosphorus) Wood-fire, pulp mill 
Pb (Lead) Wood-fire 
Ti (Titanium) Road dust/soil 
S (Sulphur) Pulp mills and oil refineries, wood-stove, hog fuel boiler, coal combustion, forest fire 
 
Cadmium concentration of PM2.5 samples was lower compared to Windsor in Ontario (Jeong et 
al., 2011), Halifax, Nova Scotia (Jeong et al., 2011) and Edmonton, Alberta (Jeong et al., 2011) in 
Canada as well as Helsinki in Finland (Pakkanen et al., 2001). The main anthropogenic sources of 
cadmium are vehicles, fuel combustion, and waste incineration (Godoy et al., 2009; Gu et al., 
2011); and biomass burning and wood-fired combustion can also elevate the cadmium level 
(Beauchemin et al., 2010; Bari and Kindzierski, 2017).  
The cobalt and chromium for the Prince George air samples were slightly higher compared to 
those in Halifax, Edmonton and Fort Makay in Alberta, Canada as well as Zhejiang, Beijing, and 
Hong Kong and Helsinki. The cobalt and chromium were reported to be higher during the cold 
period, which can be a result of biomass burning and wood-fire. Copper was higher compared to 
Halifax; however, the observed copper value for the Prince George air samples are very similar to 
Edmonton and Fort Mckay. In addition, copper level of the Prince George air samples are lower 
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compared to the larger cities such as Zhejiang (Cheng et al., 2020), Beijing (Yang et al., 2017), 
and Hong Kong (Hagler et al., 2007) and Tampa (Olson et al., 2008), Agra in India (Kulshrestha 
et al., 2009) and Barcelona in Spain (Querol et al., 2001). Furthermore, the chemical analysis 
indicated that copper is higher during the wildfire season compared to the cold season (Figure 3-6).  
In this study, iron also was identified as a potential source of air pollution for Prince George. 
Iron concentration in air samples was higher compared to Toronto, Ontario (Jeong et al., 2011), 
Montreal in Québec (Jeong et al., 2011), Halifax (Jeong et al., 2011), and Edmonton (Jeong et al., 
2011); however, it is lower compared to the Zhejiang (Cheng et al., 2020), Beijing (Yang et al., 
2017), and Hong Kong (Hagler et al., 2007), Helsinki (Pakkanen et al., 2001), Tampa (Olson et 
al., 2008), Agra (Kulshrestha et al., 2009) and Barcelona (Querol et al., 2001). Common sources 
for iron can be the resuspensions of dust created by vehicle activities such as oil-burning and wear 
of tires. The emissions from wood-fire combustion also contribute to air pollution by releasing 
iron (Beauchemin et al., 2010). While mercury was found in some of the collected samples, 
however, mercury concentration remained relatively low (i.e. below or around the limit of 
detection of ICP-MS) during the cold and warm periods. Mercury is mainly generated from wood 
combustion sources (Beauchemin et al., 2010).  
The measured potassium and molybdenum concentrations of for Prince George air samples 
were slightly higher compared to the average of potassium, and molybdenum for other cities in 
Canada except for molybdenum in Fort McKay and manganese in Windsor, Montreal, Toronto, 
Edmonton and Fort McKay (Table 4-2). Sodium for the city of Prince George is relatively 
comparable with the other cities in Canada (Table 4-2) while it is lower compared to the larger 
city in China and Finland (Table 4-3). Sodium concentration was higher during the cold period 
compared to the warm period, and this can be a result of residential woodstoves and the use of salt 
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and traction materials for de-icing the roads/sidewalks during the cold season (Watson et al., 2001; 
Bari and Kindzierski, 2016).  
Although the concentration of measured Nickel was lower at the Prince George air samples 
compared to the other Canadian cities (Toronto, Montreal, Halifax and Edmonton (Jeong et al., 
2011)) (Table 4-2) as well as other bigger cities such as Zhejiang (Cheng et al., 2020), Beijing 
(Yang et al., 2017) Tampa (Olson et al., 2008), Agra (Kulshrestha et al., 2009), Helsinki  
(Pakkanen et al., 2001), and Barcelona (Querol et al., 2001) (Table 4-3), the difference is minor. 
The measured lead concentrations in the Prince George air samples was lower compared to the 
bigger cities in Canada including Windsor, Toronto, Montreal, Halifax and Edmonton (Jeong et 
al., 2011) (Table 4-2) as well as larger cities around the world including Zhejiang (Cheng et al., 
2020), Beijing (Yang et al., 2017)), Tampa (Olson et al., 2008), Agra (Kulshrestha et al., 2009), 
Helsinki (Pakkanen et al., 2001) and Barcelona (Querol et al., 2001) (Table 4-3). This can be 
realistic as the main source of lead comes from vehicle exhaust emissions, and the bigger cities 
produce more emissions compared to Prince George as per the literature review. The 
concentrations of sulphur and phosphorus in the Prince George air samples were higher in the 
warm season compared to the cold period in Prince George based on the results (Figure 3-5). 
Previous technical report on Prince George air pollution has suggested that the saw/pulp mill 
industry could be considered as one of the main sources for sulphur and phosphorus in air samples, 
while forest fire could be considered as another contributing source for sulphur (Rubin et al., 2008). 
Sulphur contamination in air samples can be originated from coal combustion sources as well (Gao 























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































 5. CONCLUDING REMARKS  
In this study, PM2.5 concentrations and their elemental compositions were studied in the city of 
Prince George during cold and warm seasons of 2018, using ICP-MS and ICP-OES instrumental 
techniques. Plaza 400 and TB stations demonstrate consistent trend over time in terms of PM2.5 
concentration during the course of this study from January to August 2018. The TB station 
recorded higher PM2.5 compared to the Plaza 400 station with the exception of May and August 
2018. It was observed that smoke from the wildfire has a significant effect on increasing the PM2.5 
concentrations which increased the concentration of chemical composition in Prince George. The 
summer of 2018 is one of the poorest air quality periods ever recorded for the city. Hence, the 
collected data for the warm period were analyzed with respect to the wildfire to demonstrate 
seasonal variations of PM2.5 concentrations. Analyzed data for both Plaza 400 and TB shows that 
PM2.5 concentrations are higher during the cold period compared to the warm period after 
eliminating the wildfire effect.  
Chemical composition of the PM2.5 air samples were studied with respect to Cd, K, Hg, Na, Pb, 
Cr, Fe, Co, Ni, Mn, Cu, Ti, Mo, P and S, in order to evaluate potential sources of air pollutants in 
the city-based of literature review. The results of this study were compared with PM2.5 average of 
other Canadian and international cities. The possibilities of the contribution of some local 
industrial sources such as, pulp and paper, biomass burning, transportation and road dust on PM2.5 
concentration and chemical composition were discussed. 
In summary, the correlation between local pollution sources and chemical composition for the 
sources of cadmium can be vehicles, fuel combustion, and waste incineration and biomass burning 
and wood-fired combustion can also elevate the cadmium level. Cobalt and chromium can be as a 
result of wood-fire. Also, potassium, manganese, and molybdenum are correlated with the wildfire 
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season (e.g., late July and August). However, sodium concentration can be a result of residential 
woodstoves and the use of road traction materials for de-icing the roads/sidewalks during the cold 
season in Prince George. Finally, saw/pulp mill industry could be considered as one of the sources 
for sulphur and phosphorus in air samples, while forest fire could be considered as another 
contributing source for Sulphur.  
5.1. Recommendations and Future Opportunities 
The concern of air pollution for the city of Prince George remains an important issue for the 
residents. The city of Prince George is further known to have frequent temperature inversions and 
low-to-calm wind speed, which can provide poor mixing conditions. The combination of all these 
factors, along with the effects of the urban air pollution mix, has created a challenging situation 
for the city. Overall, the following recommendations are offered for the city of Prince George. 
Although the results of this study can be utilized for other research with similar objectives in 
regions with comparable climatic conditions, all results are limited to this study site.  
▪ During this research, heavy metals and non-metals were identified in Prince George air 
samples. Therefore, we recommend comprehensive research on the concentration of these 
elements and their effect on citizen's health. 
▪ Find the relationship between outdoor and indoor pollution in the Prince George region, 
and identifying their sources.   
▪ Analytical protocles developed in this study can be used for other air sampling purposes 
including work place air sampling to measure chemical compositoin of particulate matters 
in work places.  
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▪ Furthermore, this study confirmed that the concentration of PM2.5 could vary at the 
downtown area level. Thus, to develop effective risk reduction strategies, further data 
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 APPENDIX A 
Table A1.1. Standard deviation of triplicate weight measurement before and after sampling. 
Month 
Standard deviation of triplicate 
weights measurement before 
sampling 
Standard Deviation of triplicate 
weights measurement after 
sampling 
February 0.001 0.002 
February 0.003 0.000 
February 0.000 0.000 
February 0.003 0.003 
February 0.002 0.002 
February 0.002 0.002 
February 0.000 0.000 
February 0.002 0.001 
February 0.001 0.000 
February 0.002 0.000 
March 0.002 0.001 
March 0.002 0.001 
March 0.002 0.003 
March 0.002 0.002 
March 0.001 0.002 
March 0.002 0.001 
March 0.001 0.002 
March 0.001 0.004 
March 0.000 0.002 
March 0.000 0.000 
March 0.000 0.001 
March 0.002 0.001 
March 0.002 0.002 
March 0.001 0.001 
March 0.001 0.001 
March 0.000 0.002 
March 0.001 0.002 
March 0.002 0.000 
March 0.000 0.000 
March 0.001 0.000 
March 0.001 0.003 
March 0.003 0.004 
April 0.002 0.001 
April 0.001 0.001 
April 0.000 0.000 
62
April 0.000 0.000 
April 0.003 0.002 
April 0.003 0.004 
April 0.000 0.003 
April 0.000 0.000 
April 0.000 0.002 
April 0.001 0.001 
May 0.001 0.002 
May 0.001 0.001 
May 0.003 0.009 
May 0.002 0.000 
May 0.002 0.000 
May 0.003 0.000 
May 0.001 0.001 
May 0.001 0.001 
May 0.000 0.000 
May 0.002 0.003 
May 0.000 0.004 
May 0.009 0.002 
June 0.002 0.001 
June 0.001 0.002 
June 0.002 0.000 
June 0.000 0.003 
June 0.000 0.000 
June 0.000 0.000 
June 0.000 0.003 
June 0.002 0.002 
June 0.002 0.000 
June 0.000 0.000 
June 0.001 0.000 
June 0.001 0.002 
June 0.002 0.001 
June 0.001 0.000 
June 0.003 0.000 
June 0.005 0.002 
June 0.001 0.002 
June 0.002 0.000 
July 0.002 0.001 
July 0.002 0.000 
July 0.002 0.002 
July 0.003 0.000 
July 0.006 0.000 
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July 0.002 0.001 
July 0.002 0.001 
July 0.003 0.000 
July 0.002 0.001 
July 0.001 0.001 
July 0.002 0.003 
July 0.003 0.000 
July 0.006 0.002 
July 0.001 0.000 
July 0.004 0.001 
July 0.001 0.001 
July 0.002 0.000 
July 0.002 0.000 
August 0.004 0.000 
August 0.002 0.001 
August 0.001 0.001 
August 0.001 0.004 
August 0.000 0.001 
August 0.003 0.003 
August 0.002 0.002 
August 0.001 0.001 
August 0.001 0.001 
August 0.002 0.002 
August 0.002 0.002 
August 0.001 0.002 
 
